For clinicalpurposesthe activitiesof Na and K obtained with ion-selective electrodes in undiluted whole blood or serum should be multiplied by an appropriate factor to obtain the same values as the substance concentrations obtained by flame photometry. The factor is primarily dependent on the mass concentration of water in normal plasma divided by the molal activity coefficient of Na (or K) of normal plasma.
Part of this study was presented at the workshop on direct potentiometric measurements in blood, May 18-20, 1983 , at the National Bureau of Standards, Gaithersburg, MD. Received June 29, 1984; accepted December 7, 1984. to convert the measured activity to molality or substance concentration (9; Mass et al., unpublished data). Obviously, there are some sources of error in the measurement of ions in whole blood or plasma by ISE: sampling technique and storage of the specimen (wlole blood, plasma, or serum), selectivity and sensitivity of the electrodes, liquid-junction potential (suspension effect of the erythrocytes), and temperature control. Before discussing these sources of error, we must decide whether we want to report activity, substance concentration, or molality. Because the electrode responds to changes in ion activity, from a puristic point of view we should report the measured activities. This requires calibration solutions with known ion activity similar to H (NBS pH buffers). Such calibration solutions have been described for Na, K, Ca2, C1, and other ions, although the documentation is not as extensive as in the case of the NBS buffers (10-14). For normal plasma with respective substance concentrations of Na and K of 140 mmol/L and 4.5 mmol/L, as measured by flame photometry, we would find ion activities of about 112 and 3.6 (x 10-s), respectively, entirely different values, for which we would need a new set of reference intervals.
We believe the activity is more important from a biochemical or physiological point of view than the substance concentration, because tissue cells "see" the activity, not the protein-bound, complex-bound, or electrostatically "bound" ions. However, we also believe that having an additional quantity and an additional reference interval to remember contributes to data pollution. Therefore, we recommend that the measured activities of Na and K be multiplied by an appropriate constant to obtain the same values as obtained by flame photometry for normal plasma. In this way the normal reference interval will be the same for flame photometry and ISE.
In contrast to undiluted specimens, the use of diluted ones with ISE results in smaller discrepancies for pathological specimens, but the true activity of the original specimen is not being measured.
Here we discuss in more detail the relationship between the activity measured by ISE in undiluted specimens and the substance concentration measured by flame photometry.
The Relationship between Activity and Substance Concentration
The ions in plasma may be either free or bound (Figure 1) . Most ions are more or less protein-bound, and most are more or less complex-bound or participate in ion-pair formation. Of the free ions only a fraction are active; i.e., the activity coefficient is usually less than 1 and varies with the ionic strength, I. The relationship may be expressed in a mathematical form as exemplified for Na in the flow chart ( Figure 2 ). The substance concentration of total Na (Ca) may be converted to the molality of total Na (m) by dividing by the mass concentration (kg L 1) of water (pH2o):
ln'a.
The mass concentration of water in any plasma sample may be obtained by drying and weighing or by calculating from and Plipid with use of the equation:
where and llipid denote the protein and lipid concentrations (kg-L1) (15) . To obtain the molality of free Na, we must subtract the molality of protein-bound Na (NaPr) as well as other bound Na (e.g., NaCO, NaHCO3):
The molality of free Na may be converted to the active molality rnNa. by multiplying by the (molal) activity coefilcient ('Yr.a*):
The activity coefficient may be calculated from the ionic strength 
By means of these equations one can calculate the activity of Na on the basis of the substance concentration of total Na or vice versa. For normal plasma we may apply the following values: mass concentration of water = 0.933 kg/L, ionic strength = 0.160 mol/kg, and osmolality = 288 mmol/kg. The hydration number for Na is taken to be 3.5 (17); the ion-size parameter is taken to be 0.4 nm. The molal activity coefficient, 7Na, is then 0.747. Assuming that protein-bound and complex-bound Na is negligible, we obtain an overall conversion factor of 1.25 molJL (0.933/0.747) for converting the relative activity to substance concentration. is spuriously low ("pseudohyponatremia") but that the ISE result is not affected.
ISE Measurements of Na in Plasma Compared with Flame Photometry Measurements
In a previous communication (1) we estimated the effects of change in ionic strength to be somewhat higher, but the more nearly accurate calculations presented here indicate that changes in ionic strength do not result in appreciable differences between flame photometer and ISE results. The only important difference arises when the water concentration changes significantly due to hyperlipemia or severe hyper-or hypoproteinemia.
It would serve no purpose to try to "correct" the ISE readings by estimating the activity coefficient for each individual specimen and determining the mass concentration of water. The advantage of measuring activity would be lost. It would also serve no purpose to express the ISE readings as molality or substance concentration in the water phase. We would have to use a new reference interval, and it would still be necessary to make a correction on the basis of individual activity coefficients for each sample to obtain the true molality, although this correction is small.
Experimental example.
We have performed a few experiments to verify the activity coefficient calculations. A sample of normal plasma was diluted with water to obtain a low concentration of sodium ion, and NaCl was added to obtain higher concentrations. The apparent activity coefficient (approximately 0.73) is slightly lower than the activity coefficient calculated on the basis of an ionic strength of 0.16 moL'kg from equation 6 (0.747). We also failed to find a decrease in activity coefficient with increasing ionic strength.
The explanation of this discrepancy between the value of the measured and calculated activity coefficient may be that either the experimental value is too low or the calculated value is too high. A toolow experimental value is obtained (a) if there is a significant amount of bound sodium, which should be subtracted from the flame-photometer value, and (or) (b) if there is an ISE bias due to the liquid-junction potential, which varies with the I of plasma. This probably explains why we do not find a variation in activity coefficient with ionic strength, because changes in liquid-junction potential and activity coefficient compensate each other. Calculation by the Henderson equation (20) indicates that the residual liquid-junction potential between normal plasma and the aqueous calibration solution may be about +0.4 mV (I = 0.16 mol/kg). The other explanation of the discrepancy is that the ionic strength exceeds 0.16 mol/kg, which results in a too-high calculated value. To account for the whole difference, the ionic strength should be 0.200 mol/kg, or more.
The ionic strength of plasma is very uncertain. I = 0.16 mol/kg refers actually to the (ultrafiltered) water phase of plasma. Including albumin (mb = 0.6-i03 mol kg') as a macro-ion with 20 negative charges (z = 20) at physiological pH, the ionic strength of plasma would be much greater, approximately 0.12 + 0.16 = 0.28 mollkg, which results in a lower value for the activity coefficient. The influence of proteins on the ion-size parameter works in the opposite direction. The ion-size parameter is the weighted (by concentration) mean value of all ions of the solution. If we include the proteins, we obtain a very large value for this parameter, which corresponds to a higher value of the activity coefficient.
Concluding Remarks
We recommend that the activities measured with ISE for Na or K in blood or serum should be multiplied by an appropriate factor to obtain the same values as obtained by flame photometry with normal plasma, i.e., substance concentration of total sodium and potassium. This is consistent with our previous communication in IFCC News (1) and with previous IUPAC/IFCC approved recommendations (19).
The factor primarily depends on the mass concentration of water divided by the molar activity coefficient of the ion in normal plasma. Our experimental data indicate that the factor is also affected by a small binding of Na (and K) as well as the liquid-junction potential between plasma and the aqueous calibration solution.
More studies are needed to establish an internationally accepted activity scale for aqueous calibration solutions and to establish the conversion factor more accurately.
For practical purposes, however, the accurate conversion factor is not necessary as long as the main goal is achieved;
i.e., values for normal plasma are identical with ISE and flame photometer. For practical purposes this is achieved by calibrating the ISE system on a concentration basis with aqueous electrolyte solutions of constant ionic strength (constant activity coefficient), thus obtaining a nernstian slope. The aqueous calibration solutions are then assigned an appropriate value to obtain agreement between the ISE reading and flathe photometer result for normal plasma. in electrolyte concentration or ionic strength have a minor effect on the conversion factor as shown in the calculated as well as experimental data). It has been suggested to calibrate the ISE with a standard serum pool and furthermore to obtain the slope by addhi known amounts of sodium chloride (or potassium chloride) to the standard serum. It has also been suggested that the slope should be obtained from a correlation study between ISE and flame photometry involving 100-200 sara with electrolyte concentrations covering the clinical range (21). With both procedures the slope deviates from the nernstian slope but the difference from our approach (based on the nernstian slope) is without clinical significance as shown in Table 1 where the influence of the variations in ionic strength are shown to be minimal.
The present paper may form the basis of a future more detailed IFCC recommendation on the calibration of ISE for sodium and potassium measurements and how the results should be reported.
